In this work, we simulate the dynamics of varying density spin-ensembles in solid-state systems, focusing on the Nitrogen-Vacancy (NV) centers in diamond. We consider the effects of various control sequences on the averaged dynamics of large ensembles of spins, under a realistic "spin-bath" environment. We reveal that spin-locking is efficient for decoupling spins initialized along the driving axis, both from coherent dipolar interactions, and from the external spin-bath environment, when the driving is two orders of magnitude stronger than the relevant coupling energies. Since the application of standard pulsed dynamical decoupling (DD) sequences leads to strong decoupling from the environment, while other specialized pulse sequences can decouple coherent dipolar interactions, such sequences can be used to identify the dominant interaction type. Moreover, a proper combination of pulsed decoupling sequences could lead to the suppression of both interaction types, allowing additional spin manipulations. Finally, we consider the effect of finite-width pulses on these control protocols, and identify improved decoupling efficiency with increased pulse duration, resulting from the interplay of dephasing and coherent dynamics.
In this work, we simulate the dynamics of varying density spin-ensembles in solid-state systems, focusing on the Nitrogen-Vacancy (NV) centers in diamond. We consider the effects of various control sequences on the averaged dynamics of large ensembles of spins, under a realistic "spin-bath" environment. We reveal that spin-locking is efficient for decoupling spins initialized along the driving axis, both from coherent dipolar interactions, and from the external spin-bath environment, when the driving is two orders of magnitude stronger than the relevant coupling energies. Since the application of standard pulsed dynamical decoupling (DD) sequences leads to strong decoupling from the environment, while other specialized pulse sequences can decouple coherent dipolar interactions, such sequences can be used to identify the dominant interaction type. Moreover, a proper combination of pulsed decoupling sequences could lead to the suppression of both interaction types, allowing additional spin manipulations. Finally, we consider the effect of finite-width pulses on these control protocols, and identify improved decoupling efficiency with increased pulse duration, resulting from the interplay of dephasing and coherent dynamics. In recent years, the studies of many-body dynamics of spin ensembles in the solid state have attracted significant attention. In particular, ensembles of negativelycharged nitrogen-vacancy (NV) centers were recently used for the demonstration of many-body depolarization dynamics [1, 2] . Moreover, a proper application of microwave (MW) control sequences on the spin ensemble of interest may lead to a variety of applications in quantum sensing and quantum information processing. For example, a proper modification of traditional sequences in NMR such as WAHUHA [3, 4] and MREV [5] , could result in engineered Hamiltonians for the interacting spins within the ensemble. Such engineered Hamiltonians could pave the way toward the creation of non-classical states, e.g. spin squeezed-states, which could eventually lead to magnetic sensing beyond the shot-noise limit [6, 7] . Studies of such control sequences on interacting spin ensembles, in the presence of noise and for various parameter regimes, are still lacking.
In this work, we use a cluster-based simulation method to estimate the dynamics of an ensemble consisting of more than 400 spins under various continuous and pulsed control sequences. The simulations consider a realistic solid-state environment, consisting of a "spinbath" noise, representing the typical scenario of dense ensembles of NV centers in diamond. Our analysis identifies techniques for controllably decoupling specific interactions (either coherent or environment-driven), and clarifies the effects of finite pulse durations originating from the interplay of different interaction sources.
The electronic structure of the negatively-charged NV center has a spin-triplet ground state, in which the m s = ±1 sublevels experience a zero-field splitting (∼ 2.87 GHz) from the m s = 0 sublevel due to spinspin interactions. Application of an external static magnetic field along the NV symmetry axis Zeeman shifts the m s = ±1 levels. If MW driving is applied at a frequency ω 0 , which is resonant with the m s = 0 ↔ +1 transition (for example), this spin manifold can be treated as a two-level subspace of the spin-triplet [8] . The effective Hamiltonian representing an ensemble of such spins interacting with each other by dipolar interactions is [2] :
where σ x,y,z i,j are the Pauli spin operators for each spin, r 3 ij is the distance between spins i and j, and J 0 ≈ 52 MHz·nm 3 is a constant consisting of the spin gyromagnetic ratios, vacuum permeability and the Planck constant. Note that expression (1) slightly differs from the interaction Hamiltonian among spin-1/2 particles, for which the coefficient of σ z i σ z j is −2. The environment of NV centers corresponds to a "spin-bath", typically dominated by 13 C nuclear and nitrogen paramagnetic spin impurities, which create time-varying random local magnetic fields in the crystal [9] [10] [11] [12] . In typical samples, the interaction between such a bath and the spins of interest is modeled as an Ornstein-Uhlenbeck (OU) process B(t) [11, 12] with an autocorrelation function B(t)B(t + ∆t) = b 2 e −∆t/τc , where τ c is the correlation time of the spins in the bath (the "memory" of the bath), and b is the coupling strength between the bath and the spins of interest. In this quasi-classical approach, the efarXiv:1709.03370v4 [quant-ph] 10 Apr 2018 fect of the resulting fluctuating fields on the spin ensemble (and assuming that these fields are uniform within the measurement volume) can be modeled as the interaction Hamiltonian
The amplitude of the random bath noise as a function of time can be simulated by an exact algorithm [13] :
where n is a randomly generated number from a normal distribution with mean 0 and standard deviation of 1.
For many decades, dynamical decoupling (DD) MW sequences were used in NMR for decoupling spin interactions, and thus controlling their dynamics [4, 5, [14] [15] [16] [17] [18] [19] . In the case of spin ensembles, the simplest method for decoupling the ensemble from the spin-bath environment is to apply a continuous driving at the resonant frequency ω 0 [19] which, in the rotating frame with respect to ω 0 , takes the form
where all the spins are assumed to be driven by the same strength Ω ("Rabi frequency"). If all spins are initialized along the driving ("x") axis, the driving acts as a "spin-lock", overcoming the effects of frequency terms in the spin-bath with frequencies lower than Ω. This enhances the fidelity of the initial state with time up to a timescale usually referred to as T 1ρ which, for sufficiently high Ω, is typically limited by phononic interactions and experimental imperfections in the driving [19] [20] [21] , but may also be limited by dipolar interactions in extremelydense ensembles [1] . Another method for achieving decoupling from the bath is the repetitive application of resonant π-pulses. The simplest implementation of such a sequence is the Carr-Purcell-Meiboom-Gill (CPMG) sequence, in which all π-pulses are applied along the initialization ("x") axis [15] , while other sequences for overcoming pulse imperfections are available [17, 18, 22, 23] .
Another useful decoupling sequence is WAHUHA [3] [4] [5] , consisting of four unequally spaced resonant π/2 pulses, which was designed to decouple collective dipolar interactions between spin-1/2 particles at times determined by the sequence length. Note that since the NV dipolar Hamiltonian (1) differs from the spin-1/2 dipolar Hamiltonian by the term −σ z i σ z j , the WAHUHA sequence is expected to decouple the dipolar interactions only partially. In the average Hamiltonian picture, the remaining isotropic Hamiltonian J0 3r 3 ij σ i · σ j conserves the total angular momentum number J 2 , providing advantages toward the creation of high-fidelity non-classical states over the scenario of spin-1/2 dipolar coupling in which the effective Hamiltonian is just 0 [6, 7, 24] , highlighting the importance of the current studies of spin dynamics under these unique interactions. In this work, we simulate and analyze the effect of continuous and pulsed decoupling techniques on the dynamics of a spin ensemble under spin-bath and collective dipolar interactions with different strengths. We demonstrate procedures for distinguishing between these types of interactions, for decoupling from them, and identify the physical mechanisms underlying effects resulting from finite pulse durations.
We use a cluster-based simulation [24, 25] to estimate the dynamics of a spin ensemble consisting of more than 400 spins, interacting by a many-body dipolar interaction according to eq. (1). All spins in the ensemble are initialized along the x axis, and the spin polarization along the initialization axis (expectation value S x ) is extracted as a function of time (Fig. 1) . Since simulating the evolution of the total density matrix in such a large ensemble is impractical, we follow the general idea of dividing the ensemble into independent clusters [25] , and perform the simulation by combining the results for small clusters in the following way [24] : first, we randomly generate positions for a few (4-10) spins inside a circle with a surface of ≈ 4.5 µm 2 , representing a typical experimental measurement surface for a quasi-2D sample, and exactly simulate the dynamics of such a small number of spins under the Hamiltonian (1). For each given typical dipolar interaction strength, the spins were generated from a representative probability distribution previously constructed by considering the particular NV concentration and measurement surface [24, 26] . We repeat the spin generation and cluster dynamics simulation procedures for many realizations, with newly generated spin positions, such that the number of realizations is sufficient for the convergence of the resulting dynamics. In such a way, each realization samples the dynamics within a certain cluster consisting of a few spins, and the averaged dynamics of all realizations provides insights into the combined dynamics of the whole ensemble. Similar procedures could be done for 3D-ensembles, with the only difference being that the distribution of spin couplings should take into account their different orientations [24] .
The Spin dynamics simulations of NV ensembles under the Hamiltonian (1) are shown in Fig. 1 . Although our simulation method does not take into account collective phenomena such as extended, long-range manybody correlations, our detailed convergence analysis [24] indicates that such phenomena do not significantly affect the spin dynamics of driven systems studied in this work. The significant frequencies (4,12 and 20 times the typical interaction strength) contributing to the spin dynamics ( Fig. 1) can be exactly predicted from an analytical expression for all-to-all equal interactions, while additional convergence analysis emphasizes that the choice of sixspin clusters provides a converged quantitative estimate for spin dynamics caused by the generation of random spin positions even for large numbers of spins [24] . As a result, and in order to optimize run times, the simulations in this work utilize clusters with six spins only. Qualitatively, the resulting decay structures are similar for different dipolar interaction strengths, with only the decay timescales changing by the same factor as the interaction strength ratios (stronger interactions lead to a faster decay). Small quantitative variations remain, though, due to the difference in the spin generation probability distributions for different spin concentrations [26] [ Fig. 1(b) ].
Next, we consider the effect of spin-lock driving, which is applied along the initialization axis, on the dynamics of the spin ensemble. Our simulations considering different spin concentrations, which correspond to different dipolar coupling strengths (Fig. 2) , demonstrate that without including the effect of the spin-bath noise [ (Fig.  2) (a),(b) ], when the spin-lock intensity is two orders of magnitude stronger than the dipolar coupling, the dipolar interactions are fully decoupled. In particular, for a dipolar coupling of ∼ 60 Hz, which could be achieved for NV ensembles using standard CVD procedures and TEM irradiation [23, 27] , even a driving as weak as 0.1 MHz results in a complete preservation of the initial state [26] . These simulation results are in good agreement with our theoretical model: consistent with the results of Fig.  2 , an analytical expression for the spin dynamics within a six-spin cluster [24] correctly predicts full decoupling under spin-lock two orders of magnitude stronger than the typical dipolar strength. Moreover, for spin-locking one order of magnitude stronger than the typical interaction strength, the simulations in Fig. 2 result in the converged baseline of 0.945, in agreement with the conserved population 0.9375 predicted from this theoretical model [24] . In order to consider the dynamics in a more realistic scenario, one has to take into account the additional effects of the spin-bath environment interacting with the spin ensemble of interest. By considering the OU model within a total evolution time T , the simulation of spin dynamics under such an environment with τ c = 5 µs and b = 20 kHz using an exact algorithm according to eq. (2) leads to a typical free induction decay (FID) time of T * 2 ≈ 0.5 ms, consistent with theoretical calculations in the limit T τ c [T * 2 = 1/(b 2 τ c ) = 0.5 ms] [11] . Since the simulation of OU processes requires evolution in small time increments ∆t and averages over noise realizations, it is significantly more time-consuming, and therefore for the combined simulation under spin-bath and dipolar interactions only five realizations of the dipolar interactions were considered. Although the exact dynamics varies with the specific interactions in the generated cluster [26] , the total trend remains very clear: figure 2(c) demonstrates that by considering the evolution of a spin ensemble with a dipolar strength of 60 Hz, spinlock driving two orders of magnitude stronger than the interactions within the bath (5 µs ↔ 0.2 MHz) decouples both the spin-bath and dipolar interactions within the ensemble, resulting in a unity evolution on a timescale of 50 ms. Such long coherence times can be experimentally observed at cold temperatures (∼ 77 K), for which the longitudinal relaxation time (T 1 ) is much longer [23, 28] .
Although spin-lock driving could increase the coherence times while decoupling the spin-bath and the intrinsic dipolar interactions in the ensemble, pulsed DD could provide additional insights and lead to more general applications. By the application of pulses with optimally chosen phases along the Bloch Sphere, arbitrary spin states of the ensemble could be preserved [23] . Furthermore, the modification of standard DD sequences could contribute to the engineering of unique interaction Hamiltonians, potentially leading to the creation of useful non-classical states of the spin ensemble [7] . We study the effect of the CPMG sequence, consisting of π-pulses applied along the initialization axis, the similar XY8 DD sequence, which is more robust to pulse imperfections, as well as the WAHUHA sequence, which was designed to decouple dipolar interactions of spin-1/2 systems (Fig.  3) . As expected, in the ideal case with no pulse imperfections, the phases of the pulses do not affect the decoupling efficiency, and the CPMG and XY8 sequences produce similar results [17, 18, 22, 23] . While these DD sequences dramatically improve coherence in a spin-bath dominated environment [ Fig. 3(a) ], our simulations show that these sequences do not affect dipolar interactions within the ensemble at all [ Fig. 3(b) ]. However, by applying 100 repetitions of the WAHUHA sequence (for a total of 400 pulses), dipolar interactions of 60 Hz are decoupled up to a timescale of 40 ms, which could be observed at cold temperatures. [23, 28] . Similar results for other dipolar interaction strengths [26] demonstrate that the typical decay time under WAHUHA with 100 repetitions is an order of magnitude longer than the typical dipolar interaction time, and more repetitions of this sequence will result in even higher fidelities.
Since the WAHUHA sequence is not efficient for decoupling the ensemble from the spin-bath environment [ Fig. 3(a) ], in order to achieve full decoupling in a realistic scenario with both types of interactions, one has to combine the application of DD pulses and WAHUHA. Figure 3 (c) depicts the dynamics under a combined sequence, for which 5 repetitions of the WAHUHA sequence are applied between every adjacent pair of π-pulses in the CPMG sequence, compared to the naive application of the same amount (21,000) of CPMG or WAHUHA pulses only. Note that in contrast to the results of Fig.  3(a)-(b) , which were completely dominated by a single interaction source, in the scenario of Fig. 3(c) , disregarding their different final baselines, both WAHUHA and CPMG result in comparable decay timescales, indicating that spin-bath and dipolar interactions have a nearly-equal contribution. These results with a total of 21,000 applied pulses, demonstrate that such a comination could lead to the preservation of the spin state up to 5 ms, while the naive application of DD alone (π-pulses) or WAHUHA alone is not as effective for decoupling from the combined interactions. The modification of such sequences could lead to the creation of useful non-classical states of the ensemble [7] . For a given sample, if the origin of the dominant interactions of the ensemble is not known (internal dipolar/spin-bath), the separate applica- tion of both sequences could identify this dominant term: a train of π-pulses significantly enhances the fidelity only for interactions dominated by the bath, while WAHUHA significantly enhances the fidelity only when the internal dipolar interactions dominate. Finally, we consider the effect of π-pulses with realistic finite durations, on the spin dynamics of the ensemble utilizing the CPMG and XY8 protocols (Fig. 4) . We find that the spin dynamics are not affected by varying pulse durations, when considering spin-bath coupling only. However, the decay time significantly grows with the pulse durations in realistic scenarios for which spinbath and internal dipolar interactions exist. We explain this outcome in the following way: strong enough MW driving decouples from interactions with the bath completely, but it is efficient for decoupling dipolar interactions only when the state is initialized along the driving axis. While applying a DD sequence, the spin state is no longer initialized along the same axis, both due to coherent dipolar dynamics and dephasing caused by the interactions with the bath, within the free evolution times between pulses. For longer pulses, the free evolution times are shorter, leading to a better preservation of the state initialized along the driving axis before the beginning of the next pulse. This results in an enhanced decoupling over the case of short pulses, in which the dephasing within the free evolution times is more significant. This effect is much more significant for the CPMG sequence (Fig. 4) , for which the MW driving is always Since weaker driving results in shorter free evolution times for dephasing between pulses, the spin state is better-initialized along the driving axis, which leads to a more efficient decoupling of the MW driving from dipolar interactions and longer decay times.
along the initialization axis, than for the XY8 sequence [26] , for which the driving is along this axis only half of the time.
To summarize, by simulating the dynamics of an ensemble of 464 spins in a spin-bath environment using a cluster approach and an exact OU algorithm, we showed that a strong enough spin-lock driving (two orders of magnitude stronger than the interactions) could decouple the related interactions for states initialized along the driving axis. The separate application of the CPMG and WAHUHA pulse sequences could identify the type of interaction dominant in the spin ensemble environment, while the combined application of these sequences could decouple both types of interactions, preserving the spin state of the ensemble. Additional modification of such sequences could lead to the generation of other (engineered) interaction Hamiltonians, creating non-classical states of the ensemble, and contributing to quantum sensing and quantum information prcessing [7] . Finally, the duration of the applied pulses may affect the decoupling efficiency, due to imperfect initialization within the free evolution times, as well as because of the interplay between the spin-bath, internal dipolar interactions and the MW driving within the durations of the pulses.
